Bound state rovibrational energy calculations using a high-level intermolecular potential surface are reported for H2O-CO and D2O-CO. They predict the ground K = 1 levels to lie about 20 (12) cm -1 above K = 0 for H2O-CO (D2O-CO) in good agreement with past experiments. But the first excited K = 1 levels are predicted to lie about 3 cm -1 below their K = 0 counterparts in both cases. Line strength calculations also indicate that mid-infrared transitions from the K = 0 ground state to this seemingly anomalous excited K = 1 state should be observable. These 
I. Introduction
The weakly-bound H2O-CO dimer has a planar equilibrium structure with the heavy atoms (O, C, O) in an approximately collinear configuration and a hydrogen bond between the water and the carbon of CO. Proton tunneling, which interchanges the water H atoms, gives rise to two easily resolved tunneling states which correspond to distinct nuclear spin modifications and thus correlate with para-and ortho-water. The magnitude of the resulting splitting in the ground rotational state is about 0.9 cm -1 for H2O-CO, or about 0.04 cm -1 for D2O-CO. For the mixed isotope species containing HDO, there is of course no tunneling because the H and D atoms are distinguishable. Instead, there are two isomers which we can call HOD-CO (deuteron bound) and DOH-CO (proton bound). The former species has a lower zero-point energy and is thus easier to observe (the energy difference is estimated to be about 12 cm -1 ). 1 Due to the almost linear heavy atom configuration, H2O-CO has a large A rotational constant, equal to about 19 cm -1 (or 12 cm -1 for D2O-CO), which means that the Ka quantum number is highly significant (denoted K in the remainder of this paper). High resolution spectroscopic studies of water-CO were first made by Yaron et al. 2 , who measured pure rotational microwave transitions within the K = 0 manifold, and by Bumgarner et al. 3 , who measured millimeter wave transitions with K = 1  0. So far, no spectra involving higher K values have been detected. There has been considerable progress in observing mid-infrared rotation-vibration spectra. Thus Brookes and McKellar 1 studied the C-O stretch region (4.7 µm), Oudjeans and Miller 4 the O-H stretch region (2.7 µm), Zhu et al. 5 the D2O bending region (8.5 µm), and Rivera-Rivera et al. 6 the H2O bending region (6.3 µm).
There have been many quantum chemical investigations of water-CO intermolecular interaction, [7] [8] [9] [10] [11] but to our knowledge only a few high-level ab initio calculations of the global?
potential energy surface. Wheatley and Harvey 12 computed a seven-dimensional surface (including CO stretching and water bending) using extrapolated intermolecular perturbation theory, and used it to determine second virial coefficients. More recently, Rivera-Rivera et al. 6 reported various five-and six-dimensional potentials, beginning with ab initio calculations [CCSD(T)/aug-cc-pVTZ, or MP2/aug-cc-pVNZ] and then "morphing" for better agreement with experiment. Finally, Kalugina et al. 13 computed a five-dimensional potential at a higher level of theory [CCSD(T)-F12a] and used it to calculate rotational excitation cross-sections for astrophysical applications.
In the theoretical part of the present paper, we use the latter potential surface 13 to make detailed calculations of rotational and vibration-rotation energy levels for H2O-CO and D2O-CO.
The results agree well with experiment, and are especially useful for understanding a newly observed intermolecular vibration mode. In the experimental part of the paper, we study D2O-CO, HOD-CO, and DOH-CO spectra in the O-D stretch region (3.6 µm) for the first time and extend the previous C-O stretch region results on H2O-CO, D2O-CO, and HOD-CO to include the K = 1  0 bands. More significantly, in both regions we also observe combination bands involving the intermolecular mode just mentioned, which is the in-plane CO bend. This mode, which has K = 1 and is observed for H2O-CO, D2O-CO, and HOD-CO, is particularly interesting.
For one thing, it exhibits anomalous isotope shifts for example, the D2O-CO combination state is only slightly lower in energy than the H2O-CO state even though their A-values are quite different (as mentioned above). Although we do not observe the K = 0 level of the new mode, our calculations, which are well supported by experiment, show that it lies above the K = 1 level.
While similar inversion of the normal ordering of K states has been observed in other weaklybound complexes, it is especially notable here because H2O-CO is a simple and relatively rigid species (except of course for the proton tunneling) in which hindered internal rotation plays no role.
Since it has a planar equilibrium structure, vibrational modes of water-CO can be aligned or anti-aligned, and in previous spectroscopic studies they have been labeled as the A and B components. [1] [2] [3] [4] [5] [6] The ground state, A, has relative statistical weights 1 (H2O-CO) or 2 (D2O-CO) while the B state has weights 3 or 1. These tunneling states correspond to the nuclear spin modifications of the isolated water molecule: A correlates with para-H2O and ortho-D2O, and B
with ortho-H2O and para-D2O.
II. Theoretical rovibrational energies and line strengths
The potential energy surface of Kalugina et al. 13 used here has a global minimum with depth De = 646.1 cm -1 , an intermolecular center-of-mass separation R of 3.93 Å and a planar configuration with 1 =115.3° and 2 = 106.7°. The angles 1 and 2 were defined in the coordinate system shown in Fig. 1 of Ref. 13 . Here, we use different angular coordinates: a set of 4 Euler angles that define the orientations of the water and CO monomers with respect to a dimer-fixed frame with its z-axis along the vector R that points from the center of mass of water to the center of mass of CO, see Fig. 1 . In this frame 1 is the angle between the twofold symmetry axis of H2O (or D2O) and the vector R, and 2 is the angle between the CO axis and the vector R. The angle  is the dihedral (or torsional) angle between the plane through R and the H2O symmetry axis and the plane through R and the CO axis, and χ is the angle of rotation of H2O or D2O around its symmetry axis. The equilibrium values are 1 =115.3°, 2 = 8.6°,  = 0°, and χ = 0° for H2O-CO. The equilibrium angles 1 =115.0° and 2 = 8.3° are slightly different for D2O-CO, because of the shift of the center of mass of D2O with respect to H2O. The angles φ and χ being zero implies that the equilibrium structure of the dimer is planar, the small value of 2 indicates that the CO bond axis is nearly parallel to the intermolecular axis R. This OH…C hydrogen bonded structure agrees well with experiment. 2, 3 There is also an OH…O-bonded local minimum with a depth of 340.4 cm -1 and a separation R of 3.70 Å. For comparison, some previous ab initio global minimum energies were De = 629, 12 622, 11 and 650 cm -1 .
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Bound state H2O-CO rovibrational levels with J = 0 and 1 were calculated in Ref. 13 , and these calculations are extended here with J = 2 levels. Furthermore, the H2O-CO potential surface was re-expressed in the dimer-fixed coordinates of D2O-CO and also the rovibrational levels of D2O-CO were calculated for J = 0, 1 and 2. The method 13, 14 With the calculated wavefunctions we also computed the line strengths of the transitions bend band is much weaker. As we will see below, this prediction is confirmed by experiment.
The in-plane CO bend is anomalous in that K = 0 is calculated to lie higher in energy than K = 1 by about 3 cm -1 for both H2O-CO and D2O-CO. All other possible combination bands involving intermolecular modes are calculated to be thousands of times weaker than the K = 0  0 fundamental, except for the K = 1  0 band of the out-of-plane CO bend which is still about 300 times weaker.
Rivera-Rivera et al. 6 have calculated intermolecular vibrational frequencies for H2O-CO (their Table 13 ) which can be compared with our 
III. Experimental spectra
Spectra were recorded at the University of Calgary as described previously [16] [17] [18] using a pulsed supersonic slit jet expansion probed by a rapid-scan tunable infrared source. In the 4.7 µm region, the source was a quantum cascade laser, and in the 3.6 µm region, it was an optical parametric oscillator. The usual expansion mixtures contained about 0.01% H2O or D2O plus 0.02 -0.06% CO in helium carrier gas with a backing pressure of about 10 atmospheres.
Wavenumber calibration was carried out by simultaneously recording signals from a fixed etalon and a reference gas cell containing N2O or C2H2. Spectral assignment and simulation were made using the PGOPHER software. 19 We use the following empirical rotational energy expression to fit the experimental spectra,
Here, K = Ka, and Bav = (B + C)/2. Each vibrational state and K-value has its own origin, , and rotational parameters, Bav and DJ. The parameter (B -C) is needed only for K = 1 states. States with K > 1 have not been observed for water-CO in this or past studies. We give each K = 1 state its own origin, rather than using the A rotational parameter, because (as shown above) A is not well-defined for many excited intermolecular vibrations. The theoretical K= 1 and 2 origins shown above in Table 1 are consistent with this expression. In our spectroscopic analyses below, ground state parameters for H2O-CO and D2O-CO were fixed at the values determined by
Bumgarner et al., 3 after translating from their system (using A) to ours (separate parameters for K = 0 and 1). Ground state parameters for HOD-CO were taken from Yaron et al., 2 while those for DOH-CO were fitted to the present infrared data.
A. H2O -CO
In the C-O stretch region, the K = 0  0 fundamental band (2154 cm -1 ) of H2O-CO has been studied previously. 1 Here we also observe new K = 1  0 bands at about 2173 and 2200 Table 3 ). But what about the second K = 1  0 band near 2200 cm -1 , which represents energies of 47.855 or 45.790 cm -1 (A or B) relative to the K = 0 origins? This is obviously the predicted (Table 1 ) combination band involving the sum of the intramolecular C-O stretch and intermolecular in-plane CO bend modes. We were not able to detect the corresponding combination band with K = 0  0, which is understandable in view of its predicted line strength (Table 1) which is 44 times weaker.
B. D2O -CO
In The fitted parameters for D2O-CO are collected in Table 4 . The energies of the D2O-CO K = 1 states relative to K = 0 are summarized and compared with H2O-CO and with theory in Table 3 . We note that the fundamental K = 1 state energies in the C-O stretch region are very similar to those in the ground state ( 11.7 cm -1 ), while those for O-D stretch-3 are somewhat smaller ( 11.4 cm -1 ). An interesting fact is that the K = 1 combination states for D2O-CO ( 44 cm -1 ) are only a bit lower in energy than those of H2O-CO ( 47 cm -1 ), a further apparent anomaly for this state which however agrees well with our calculations in Table 1 . Normally, D2O-CO would be lower by the difference in A-values ( 7.5 cm -1 ) plus the difference in the vibrational mode frequency itself, which deuteration should reduce.
C. HOD -CO
The only previous spectroscopic observations of HOD-CO involved microwave Table 5 ). The reason this band was detected at all is probably because its lines are noticeably sharper than those of the main band, a sign of reduced predissociation broadening in HOD-13 CO.
D. DOH -CO
The only previous spectroscopic observation of DOH-CO was of the fundamental K = 0  0 band in the CO region. From observed relative line strengths, Brookes and McKellar estimated its zero-point energy to be 12.4  2.5 cm -1 higher than that of HOD-CO. 1 We observe the same band here, and confirm the exact rotational numbering given in Ref. just as HOD-CO is similar to H2O-CO (see Table 3 ).
IV. Discussion correspond to shorter bond lengths, it is interesting to note that water and CO actually become more closely bound upon excitation of K from 0 to 1, and especially when accompanied by excitation of the intermolecular CO in-plane bend mode.
B. Vibrational shifts
As discussed previously, 1 H2O-CO and D2O-CO undergo substantial vibrational blue shifts in the C-O stretch region (+10.3 and +11.2 cm -1 , respectively). As well, the HOD-CO shift is similar to that of D2O-CO, and the DOH-CO shift similar to H2O-CO. 21 Here the situation is obviously well described as bound O-D stretch for HOD-CO and free O-D stretch for DOH-CO.
C. Perturbations
We have seen in Sec. III.B. that the O-D stretch-1 bands of D2O-CO (Fig. 4) show numerous discrete perturbations, in contrast to the apparently unperturbed O-D stretch-3 ( Fig. 3) and C-O stretch (Fig. 2) bands. At first this is a bit puzzling, since the nearest perturbing monomer state for O-D stretch-1, which is D2O 22, is fairly distant more than 300 cm -1 lower in energy), while the nearest perturber for O-D stretch-3, which is O-D stretch-1, is much closer (<120 cm -1 ). (To cause discrete perturbations as observed here, the perturbing state must lie below the perturbed one.) Evidently, the effective coupling between 1 and 22 in D2O-CO is stronger than that between 3 and 1, which of course is not unreasonable since the latter pair have different symmetries in the monomer.
Interestingly, the perturbations enable us to determine an experimental lower limit for the binding energy of D2O-CO. We observe discrete (sharp) perturbations in the K = 1  0 O-D stretch-1 band around 2677 cm -1 (Fig. 4) , which in practice means that this energy must lie below the threshold for dissociation of D2O-CO into D2O in its 22 state and CO in its ground state.
This 22 dissociation limit 20 give specific information on the binding energy of a weakly-bound complex, in favorable circumstances. (Note that if the perturbations were instead due to CO stretch excitation in D2O-CO, the lower limit would be 534 cm -1 , showing why we can be almost certain that 22 is the perturber).
D. Calculated wavefunctions
In order to gain a better understanding of the intermolecular vibrational dynamics of water-CO, we turn to calculated wavefunctions. These wavefunctions depend on the five intermolecular coordinates defined with respect to a dimer-fixed frame in Sec. II, and illustrated in other words, that this torsional motion is virtually free and that the CO axis does not care much whether it points in or out of the plane of the H2O. We scanned the potential surface to get a better understanding of this torsional motion and to determine the barrier. When  changes from 0° (the planar equilibrium structure) the CO monomer aligns more and more parallel to the intermolecular axis. That is, the optimum value of (CO) decreases from about 8° at equilibrium to 4° when  is increased to 45°, and to 0° when  = 90°. Since CO is then precisely parallel to the intermolecular axis, the torsional angle has lost its meaning, just as West and East lose meaning near the North Pole. At the same time there is an increase of the optimum (H2O), from 115° at equilibrium ( = 0°), to 120° at  = 45° and 122° at  = 90°, while R increases slightly, from 7.42 to 7.46 a0. The barrier at  = 90°, with (H2O) and R relaxed, is less than 12 cm -1 , and the zero-point energy lies far above this. As  increases further from 90° the system moves back to the equilibrium structure at  = 180°, (CO) = -8° (which is equivalent to  = 0°, (CO) = 8°). 
So this nearly free internal motion along

E. Coriolis coupling and the in-plane CO bend mode
As shown in Table 3 , our calculations agree well with experiment for the ground and first This good agreement gives us confidence that the calculations in Table 1 are reliable, and in particular that the K = 1 levels of the intermolecular in-plane CO bend state really do lie below the K = 0 levels for both H2O-CO and D2O-CO. This situation (K = 1 below K = 0, or  state below  state) is not unprecedented among weakly-bound complexes. It occurs, for example, for para-N2 -CO in the excited CO stretch state, 22 and for water dimer in some excited intermolecular vibrations. 23 These examples often involve cases of almost free internal rotation, (Table 1) . It would also work for K = 1 of H2O-CO, but not so well for K = 2. Of course, this interaction would also push the out-of-plane K = 1 and 2 levels up by equal amounts, and this does not agree with the calculated levels. The discrepancy could well be explained by further Coriolis interactions with higher vibrational states which limit the upward push on the out-of-plane K > 0 levels. We have not, however, been able to meaningfully extend this Coriolis analysis to these higher vibrational states where the situation rapidly becomes complicated.
Thinking of water-CO as a linear, or quasilinear, 24 molecule provides another way of expressing this same Coriolis mixing. As seen above, the heavy atoms of water-CO are close to being linear near the equilibrium structure. The wavefunctions show that the -coordinate "torsional" motion of CO in water-CO is nearly unhindered. When the CO in-plane bend is excited this creates angular momentum, which we can think of as the vibrational angular momentum of an excited bending mode of a quasilinear molecule. In the present case, this bending mode is split into in-and out-of-plane components at about 52 and 70 cm -1 for H2O-CO, or 48 and 59 cm -1 for D2O-CO. The torsional motion leads to a large internal angular momentum, and the surprising finding that the in-plane CO bend excited K = 1 state lies below the corresponding K = 0 state can be explained by the large first-order Coriolis coupling between this internal angular momentum and the a-axis overall rotation angular momentum.
V. Conclusions
Detailed rovibrational energy level calculations, based on a recent high-level intermolecular potential surface, 13 have been made for intermolecular modes of H2O-CO and D2O-CO up to about 120 cm -1 above the ground state, for total angular momentum J = 0, 1, and 2. In order of increasing energy, the intermolecular modes can be described as: in-plane CO bend The predicted frequency and line strength of the K = 1  0 transition to the in-plane CO bend is strikingly verified for H2O-CO and D2-CO by new mid-infrared spectroscopic measurements. These experiments are performed using a pulsed supersonic slit jet expansion which is probed by a tunable infrared quantum cascade laser or optical parametric oscillator source. They cover the C-O stretch region around 2200 cm -1 for H2O-CO, D2O-CO, and HOD-CO, as well as the O-D stretch region around 2700 cm -1 for D2O-CO, HOD-CO, and DOH-CO.
Observations of discrete perturbations in the symmetric O-D stretch region enable an experimental lower limit of about 340 cm -1 to be established for D2O-CO, to be compared with our calculated binding energy of 368 cm -1 . Wavefunction plots for various states of H2O-CO are examined to help understand its intermolecular dynamics, and significant Coriolis interactions are invoked to explain the seemingly anomalous energies of the first excited K = 0 and 1 levels of H2O-CO and D2O-CO.
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